Abstract. Using the ordinary sulfur extended asphalt leads to emission of toxic gases. The efficient method to prevent the emission is to use other admixtures as suppressors, but this requires the complication of the mix design scheme. In the present work we have extended the well known design method for the case of complex binder with arbitrary number of suppressors. The example of application of the proposed method is given. The results indicate that even for the relatively small amounts of suppressors it is better to use the correct mix design scheme.
Introduction and prior work
The researchers from different universities and companies all around the world consider the production of durable, energy-efficient and environmentally friendly asphalt concrete pavements as a significant goal. Enhancement of functional reliability of asphalt concrete pavements is currently associated with application of various modifying admixtures that enhance the operational properties of pavements. Among the mentioned admixtures are thermoplastic elastomers, rubber grains and several others [1] [2] [3] [4] . The technical sulfur is also currently accepted as and efficient admixture for asphalt concrete. Asphalt concretes that are prepared with complex binder made of bitumen and technical sulfur are known as sulfur-extended asphalts (SEA) concretes. Because of numerous alterations in chemical and phase composition of bitumen, and also due to relatively intensive interaction at the phase interface, such materials are characterized by improved operational properties (especially for increased temperatures of operation), including resistance to rutting, fatigue life, water resistance, etc. [5] [6] [7] [8] [9] [10] [11] [12] .
However, widespread practical use of ordinary SEA is not possible because of environmental impact. For such SEA the emission of toxic gases (hydrogen sulfide and sulfur dioxide) takes place both during the concrete mix preparation and pavement production stages. The ecological aspects of SEA concretes application were considered quite early [13] and attract even more attention in recent research works [14] [15] [16] [17] [18] [19] [20] [21] [22] . Because of this, numerous toxic gas neutralizers that make the application of SEA concretes possible are successfully developed. Unfortunately, in case of many additional emission suppressors, well known methods that were proposed in, e.g., [23] and [24] , can not be directly used to design the binder. Thus, the method of SEA mix design requires modification.
Basic mix design scheme
As before, the basis of mix design will be the obvious statement that volume of composition is the sum of components' volumes:
where m i is the mass of i-th component, U i is the density of i-th component, N is the number of components.
There are numerous local documents that regulate the rules of grain size distribution and volumetric ration of the binder in asphalt concrete; in Russian Federation there are RU GOST 31015-2002 and RU GOST 9128-2013. In case of SEA concretes such documents can still be used as guides during design of grain size distribution.
As it was stated in, e.g., [24] , for SEA concretes it is necessary to alter the volumetric ratio between binder and disperse phases since rheological properties of bitumen and sulfur-bitumen mix are different (the viscosity of sulfur at preparation stage is significantly lower). However, below we are going generalize the mix design scheme for complex binder -SEA with fine powders of suppressors of toxic gases. In general case, we can assume almost nothing about the viscosity of complex binder. Because of this we state that optimal structure of concrete (minimal porosity) corresponds to constant volumetric ratio between the binder and disperse phases: regardless of the amount of sulfur that is added to the bitumen, the resulting volume of binder should be equal to the volume of bitumen in asphalt concrete without the addition of sulfur:
where B 0 is the optimal mass of bitumen in concrete mix (as it can be found during the design according to the local regulations), U b is the density of bitumen, SBB is the amount of sulfur-bitumen binder (ordinary SEA), U sbb is density of sulfur-bitumen binder.
Optimal amount of sulfur-bitumen binder in sulfur-extended concrete mix can be expressed as follows:
To find out the density of sulfur-bitumen binder we can use Eq. (1):
where B and S are masses of bitumen and sulfur per unit volume, respectively. Also, for the unit volume the following equation holds:
Thus, we have:
where a is the ratio of sulfur in sulfur-bitumen binder (a < 1). Substituting Eq. (6) 
Specific mass of bitumen in sulfur-bitumen binder:
Specific mass of sulfur:
The expressions (8) and (9) differ from the known design scheme [23, 24] only by form (and, obviously, different data are required to use the derived equations).
Extended mix design scheme
Now we will take into account the presence of k additional disperse phases -emission suppressors. Again, we can use Eq. (1):
where N i is the mass of i-th suppressor per unit volume, U i is the density of i-th suppressor.
We can also express the mass of i-th suppressor as follows: (12) Taking into account both Eq. (11) and Eq. (12) we have:
The last equation can be solved for U sbb :
Optimal amount of complex binder with suppressors of toxic gases is equal to:
thus, for the specific mass of sulfur in complex binder with suppressors of toxic gases we get:
Taking into account three last equations, we derive the following expression for the specific mass of sulfur: 
And, finally, the specific mass of bitumen in complex binder is:
It can easily be proven that for the mix without suppressors (k = 0) expressions (17) and (19) becomes expressions (9) and (8), respectively.
Examples of mix design

Example 1: basic design
We need to design the ordinary SEA without any suppressors of toxic gases.
Reference data: density of sulfur is 2070 kg/m 3 , density of bitumen is 1000 kg/m 3 . Given data: amount of sulfur in SEA is 30%, specific mass of the bitumen for reference grain size distribution is 52.5 kg per ton.
The density of SEA can be determined by Eq. (6) 
The results are summarized in Table 1 . As we can see from Table 1 , the specific mass of bitumen is decreased (part of the bitumen is replaced by sulfur), while specific mass of the SEA is increased (due to higher density of sulfur). Thus, taking into account prices of sulfur and bitumen, we can expect the SEA concrete of slightly lower price and slightly higher density.
Example 2: extended design
We need to design the complex binder with single suppressor of toxic gases.
Reference data: density of suppressor is 6310 kg/m 3 , other reference data are the same.
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Given data: amount of sulfur in complex binder is 30%, specific mass of the bitumen for reference grain size distribution is 52.5 kg per ton, number k of suppressors is 1, sulfur/suppressor mass ratio is 30%.
Specific mass of bitumen (Eq. (19)): The results are summarized in Table 2 . As it can be decided from Table 2 , even for the relatively small amounts of suppressors, it is better to use the correct mix design scheme: the difference in densities between sulfur and suppressor leads to noticeable alteration of the specific masses of components.
Summary and conclusion
Despite the fact that the use of sulfur as an extender in asphalt paving mixtures could perform in a satisfactory manner [11] , using the ordinary SEA leads to serous problem. The main hazard is the emission of hydrogen sulfide and sulfur dioxide during mixing and dumping operations. The efficient method to prevent the emission of toxic gases is to use numerous suppressors; obviously, this requires the complication of the mix design scheme.
In the present work we have extended the SEA design method for the case of complex binder with arbitrary number of extra phases. The offered method allows precise calculation of specific masses of all components. The example of application of the proposed method is given. The results indicate that even for the relatively small amounts of suppressors, it is 
